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We have studied the magnetotransport properties in the normal state for a series of 
Lai.85Sro.i5Cui_j,Znj / 04 films with values of y, between and 0.12. A variable degree of com- 
pressive or tensile strain results from the lattice mismatch between the substrate and the film, and 
affects the transport properties differently from the influence of the zinc impurities. In particu- 
lar, the orbital magnetoresistance (OMR) varies with y but is strain-independent. The relations 
for the resistivity (p — po + AT) and the Hall angle (cot Oh = olT 2 + C) , and the proportional- 
ity between the OMR and tan 2 Oh (Ap/p = £tan 2 Oh) are followed above about 70 K. We have 
been able to separate the strain and impurity effects by rewriting the last two of these relations as 
cot Oh /a — T 2 + C/a and Ap/p = (£/a 2 )(a 2 tan 2 Oh), where each term is strain-independent and 
depends on y only. We also find that changes in the lattice constants give rise to closely the same 
fractional changes in A, C, and a, while po is, in addition, increased by changes in the microstruc- 
ture. The OMR is more strongly suppressed by the addition of impurities than tan 2 Oh, so that £ 
decreases as y increases. We conclude that the relaxation rate that governs the Hall effect is not 
the same as for the magnetoresistance. We also suggest a correspondence between the transport 
properties and the opening of the pseudogap at a temperature which changes when the La-Sr ratio 
changes, but does not change with the addition of the zinc impurities. Several theoretical models 
seem to be in conflict with our results. Some recent ones may be more compatible, but have not 
been carried sufficiently far for a detailed comparison. 
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I. INTRODUCTION 

One of the most puzzling aspects of the high-T c super- 
conductors is their behavior in the normal state which 
appears to be distinctly different from that of any other 
metaLEl All normal-state properties of high-T c supercon- 
ductors display anomalous temperature dependences. In 
particular, their electrical charge transport is difficult to 
understand on the basis of a simple Drude model, in 
which the temperature dependence of various scattering 
processes is described with a single relaxation time r. 
In high-r c materia^ the in-plane resistivity, p xx = p, 
follows the relation! 



the Hall angle, cot Qh = o xx ja X y^& described by the 
quadratic temperature dependence^ 



cot6 H = oT 2 + C, 



(2) 



p = Po + AT. 



(1) 



The Hall coefficient, Rh — cr xy /(Ha xx a y y) (where a xx 
and <j xy are the longitudinal and Hall components of 
the conductivity tensor) is approximately proportional 
to 1/T at high temperatures ,□ while the cotangent of 



where C is the impurity contribution. 

The Drude model leads to the same T-dependence for 
p and cot Qh, while Rh should be constants The orbital 
magnetoresistance (OMR), Ap/p, should vanish in ma- 
terials with an isotropic Fermi surface, and be positive 
and proportional to t 2 foe an anisotropic Fermi surface 
in the weak-field regime.! A positive OMR has indeed 
been observed by Harris et al. for two single crystals of 
YBa 2 Cu307_,5 (YBCO), and for an optimally doped sin- 
gle crystal of Lai. 85 Sr .i5CuO4 (LSCO)Jll However, the 
OMR has been found proportional to T -4 , and cannot 
be described by the same relaxation time as p. Instead, 
at high enough temperatures the OMR follows the same 
T-dependence as tan 2 ©#, 



Ap/p = Ctan 2 6#. 



(3) 
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The relations (1-2) haMe-Ljeeiustudied in a large vari- 
ety of high-T c materialsjj'aualij including underdoped, 
overdoped, and impurity-doped ones. Various dej- 
tions are fouud,.iii underdoped and overdoped LSCOj 
and YBCOjaOO and in optimally doped and-asierdoped 
single-layer and bilayer bismuth compounds O'Ej The re- 
lation of these deviations to the opening of a pseudogap 
in the nor-roaL-state excitation spectrum is still under 
discussiomuliSEjEy Conventiona]_Fermi-liquid behavior 
is approached with overdoping.Erll^ 

Previous measurements of the magnetoresistance are 
limited and __da _ . not 

include the influence of impurities .Q'otZrEj In our earlier 
study of La2-xSr x Cu04 films with x between 0.048 and 
0.275, deviations from Eq. 3 were fc*ujid both in the un- 
derdoped and the overdoped regimeJ13 and we suggested 
a link with the pseudogap opening. 

The theoretical interpretation of these observations is 
controversial. Fermi-liquid (FL) models assume that 
strongly anisotropic scattering results in "cold spots" 
and "hot spots" , small areas on the Fermi surface which 
preferentially contribute to the ttai«poirt-|P«3fterties and 
produce temperature anomalies. BOJ23lHj'E3E3 A, some- 
what different proposal is the two-patch model,c3 where 
anisotropic scattering results in cold and hot patches, 
sizeable areas of the Fermi surface with different proper- 
ties and different temperature dependences of the scat- 
tering amplitudes, which result in transport anomalies. 
Some of these models lead to nearly T-independent re- 
sults for the coefficient £. Most of them predict an inpu- 
rity dependence for (. 

Other approaches include non-FL models, which at- 
tribute the transport behavior to the existence of two 
different relaxation rates at each point on the Fermi sur- 
face, separately governuas— the longitudinal and trans- 
verse (Hall) scattering .EacJ In these models £ is in- 
dependent of temperature, and impurities. Measure- 
ments of the .infrared Hall effect give support to non- 
FL behavior,0 although the details do not seem to 
agree with any of the models. Recently, a theoreti- 
cal approach based on a marginal FL hypothesis with 
strongly anisotropic (forward) impurity scattering has 
been proposed.t3 It was motivated by angularrw-ijesolved 
photoemission spectroscopy (ARPES) studies^ which 
show that the single-particle scattering rate contains a 
momentum-dependent term, constant in temperature, 
and a momentum-indepedent term linear in T, as in the 
marginal FL models. 

To study the validity of these different approaches re- 
quires careful comparison with the experimental data, in- 
cluding tests of all of the relations 1 to 3. In particular, 
a simultaneous study of the impurity dependence of the 
magnetoresistance and the Hall effect can show whether 
the coefficient £ is impurity-dependent, and provide a 
new and sensitive test of the theories. 

In this paper we present a study of the resistivity, the 
Hall effect, and the magnetoresistance of c-axis aligned 
Lai.85Sro.i5Cui_ a Znj,04 films, with values of y, from 



to 0.12, i.e. almost up to the composition at wiich the 
metal-insulator transition occurs at y = 0.14a In the 
course of this study we found that the films grow with 
built-in strain resulting from the lattice mismatch be- 
tween the substrate and the film. The strain is relieved 
partially by dislocations at the interface, resulting in a 
variable amount of strain from film to film. Substrate- 
induced compressive in-plane strain is known to— jqku 
hance the superconducting transition temperature P 5 rP 7 l 
and the origin of this effect is under discussion.E3 The 
compressive in-plane strata is accompanied by a decrease 
of the residual resistivity£3 The influence of strain on the 
other transport parameters has not been previously in- 
vestigated. Careful structural characterization allows us 
to use the variable strain in the films not only to eval- 
uate its influence on the normal-state transport proper- 
ties, but also to separate its effect out, and so to get a 
more precise measure of the effect of impurities. 

The outline of the paper is as follows. In section II 
we describe the experimental details. The study of the 
influence of strain on the structure, microstructure, and 
transport in LSCO films with y = (without zinc) is de- 
scribed in section III. Section IV contains the description 
of the normal-state transport properties of the films with 
zinc. A comparison with other experiments and various 
theoretical models is given in section V, followed by a 
summary in section VI. Some of the results of this .study 
have already been described in a brief publication.!^ 



II. EXPERIMENT 

The specimens used in this study were c-axis aligned 
films grown by pulsed laser deposition on LaSrA104 
(LSAO) single-crystalline substrates.cHl The substrates 
were oriented with the c-axis perpendicular to the sub- 
strate surface to better then 0.2 deg. During deposition 
the substrate was held at 720 °C in an oxygen atmo- 
sphere of 100 mTorr. The energy density of the laser 
pulse was held to about 1.5 J/cm 2 , and the frequency to 
2.1 Hz. The growth rate was about 0.25 A per pulse. Af- 
ter deposition, the oxygen pressure was increased to 750 
Torr, and the films were slowly cooled to room tempera- 
ture over a period of 2 hours. The thickness of the films 
was in the range from 5000 to 9000 A and we have veri- 
fied that a change of thickness within this range does not 
influence the superconducting and transport parameters. 

To separate the effects of the impurities from those of 
strain and microstructure, two sets of films were made. 
One set, with nominal composition Lai.85Sro.i5Cu04 
(LSCO) and T c between 25 K and 35.2 K, was used to 
evaluate the correlation between the structural and the 
superconducting properties. In the second set of films, 
with nominal composition of Lai.85Sro.i5Cui_ J/ Zn s/ 04 
(LSCZNO), the zinc fraction, y, was varied from to 
0.12. X-ray diffraction and absorption measurements 
confirmed that the value of y in the films was close to 



2 



the nominal values in the targets.0 

The specimens for the transport measurements were 
patterned by photolithography, and wires were attached 
with indium to evaporated silver pads. Simultaneous 
measurements of the Hall effect and the magnetoresis- 
tance were in a standard six-probe geometry in a mag- 
netic field up to 8 T, perpendicular to the CuC>2 planes 
and to the current direction (transverse configuration), 
and for both field orientations. The magnetoresistance 
was also measured in the longitudinal configuration, i.e. 
with the magnetic field parallel to the CuC>2 planes. The 
temperature was varied from 25 K to 300 K, and mea- 
sured with a Cernox sensor, whose, resistance was stabi- 
lized to about 3 parts per milllion.113 The Hall voltage was 
a linear function of the magnetic field up to the highest 
fields used in this study. 

The c-axis lattice parameters were determined from 
eight high-angle (00/) diffraction peaks in the 8—26 scans 
measured with a Rigaku X-ray diffractometer. Both Kai 
and K«2 peaks were fitted with Lorenzians, and the pa- 
rameters were calculated from the least-square fit to all 
peak positions. The rocking curves were measured for 
the (008) peak. Several specimens were also studied with 
a 4-cycle diffractometer to determine the magnitude of 
the a-axis lattice parameter. The topography of the films 
was evaluated using atomic force microscopy, with a Park 
Scientific Instruments AutoProbe M5. 



III. LSCO FILMS: RELATION BETWEEN 
MICROSTRUCTURE AND TRANSPORT 
PROPERTIES 

A. Resistivity and Hall effect 

In spite of identical growth parameters, the specimens 
grow with various resitivities and values of T c . Fig. la 
shows several typical examples of the temperature de- 
pendence of the resistivity. The data are labeled with 
the value of the residual resistivity, po, determined from 
the fit of equation (jjj) between 200 K and 300 K. It is 
seen that the increase of po is accompanied by a decrease 
of T c , from 35.2 K in the film with the highest to 25 K 
in the film with the lowest T c . The details of the super- 
conducting transition are shown in Fig. lb for these two 
films. The lowering of T c is associated with a substantial 
broadening of the transition. 

Interestingly, the slope of the T-dependence of the re- 
sistivity, A, does not grow as fast as the residual resistiv- 
ity. This is shown in the inset in Fig. lb where we include 
the data from a larger set of LSCO films. While po in- 
creases by a factor of about seven in this set, A increases 
by a factor of at most two. 

Fig. 2 shows the cotangent of the Hall angle measured 
in a magnetic field of 8 tesla as a function of T 2 for the 
same set of films as in Fig. la. It is seen that the data 
follow straight lines except at the lowest temperatures. 
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FIG. 1. (a) The temperature dependence of the resistivity 
for several Lai.g5Sro.i5Cu04 films. The data are labeled with 
the value of po for each film (in /ificm). (b) The resistivity, 
normalized to the value at 1.1T C , pi.i, versus the reduced 
temperature, T/T c , for two films, with the lowest, and the 
highest po. Inset: A versus po for larger set of LSCO films. 
The line is a guide to the eye. 



The values of the intercept C and the slope a of the 
Hall-angle lines from the fit to Eq. 2 are shown in the 
inset to Fig. 2b. Remarkably, C is proportional to a, in 
contrast to the relation between po and A shown in Fig. 1. 
The proportionality between C and a is also illustrated 
in Fig. 2b which shows cotO# divided by a. It is seen 
that the data for films with different values of po collapse 
to a single line. 

The correlation between the superconducting transi- 
tion temperature and the transport parameters po, A, 
C and a for the LSCO films is summarized in Figs. 3a 
to 3c. We see that as T c decreases, all of these param- 
eters increase. The fractional changes of A, C, and a 
are closely the same, about 8.3% per kelvin. po follows 
the same dependence, with the same fractional changes, 
in the high-T c regime, between 35 K and 30 K. On the 
other hand, below 30 K there is a crossover to a regime 
where po increases faster then any of the other parame- 
ters. 

An increase of po may be caused by several effects. A 
conceivable origin is a change of chemical composition 
such as a deficiency of strontium or oxygen, which could 
create scattering centers and decrease the carrier con- 
centration. However, this cannot be the sole cause of the 
observed effects. A decrease in carrier concentration is 
known to lead to a decrease of the slope of the cotangent 
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FIG. 2. (a) coten at 8 T as a function of T 2 for the 
same films as in Fig. la. The lines are fits to the relation 
cot Qh = otT + C and the data are labeled with the value 
of pa. (b) cot Qu/ot as a function of T 2 : the data collapse to 
one line. Inset: C vs. a for the same set of films. 



contrary to the result shown in Fig. 3c. This 
suggests that some other type of disorder is present in 
the films. The fact there are two different regimes with 
different behavior of po suggests that there might be two 
effects. 

Compared to the large increase of po, the change of 
T c is quite small. When T c drops by 5 K (from 30 K 
to 25 K), po increases by 200 /ificm so that the rate is 
about 2.5 x 10 -2 K//if2 cm. As we will show later, this 
rate is 4 to 5 times larger when T c is suppressed by zinc 
impurities. That the disorder in the films contributes so 
much less effectively to the suppression of T c than the 
impurities suggests that points defects are not likely to 
be responsible. 



B. Dislocations and strain 

There are several possible origins of disorder in the 
LSCO films. They include strain resulting from the lat- 
tice mismatch, imperfections in the microstructure (in- 
cluding dislocations), and changes in the chemical com- 
position such as strontium or oxygen defficiency. 

The in-plane lattice parameters of the film and the 
substrate differ by about 0.5% (the a-axis parameter is 
3.756 A in LSAO and 3.777 A in LSCO), and compres- 
sive in-plane ^tWA should therefore be expected. It has 
been observed J^jEj and is accompanied by c-axis expan- 
sion and by an increase of the superconducting transition 




FIG. 3. The correlation between T c and several transport 
and structural parameters: (a) po, (b) A, (c) C (triangles) and 
a (squares), (d) c (diamonds) and a (circles), (e) FWHM. All 
lines are linear fits to the data. The arrow in (d) indicates 
the bulk values of the lattice parameters. 



temperature. 

The degree to which the films are strained depends on 
the way in which the strain is relieved. If the films are 
very thin, of the order of several unit cells, the lattice con- 
stant may remain close to that of the substrate through- 
out the film. For thicker films, however, the strain is 
usually relieved to some degree. This may occur gradu- 
ally as the distance from the substrate increases, or by 
dislocations right at the surface.C 2 ] The dislocations, in 
turn, may contribute to other structural imperfections. 

Even with the same substrate, and the same lattice- 
film mismatch, the microstructure may be different de- 
pending on the deposition rate and other deposition pa- 
rameters. It has been reported, for example, that re- 
active co-evaporation results in layer-by-layer growth of 
SrTiC>3 films for small deposition rates, while a more dis=. 
ordered 3D-type of growth is observed for larger rates. c3 
Pulsed laser deposition puts a large amount of material 
very rapidly on the substrate surface. Under these con- 
ditions tiny fluctuations in the growth parameters may 
have a substantial effect. Even though we attempt to 
keep all growth parameters constant, some variations in 
the film microstructure is difficult to avoid. 
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In order to identify the possible causes for the disorder 
and for the change in the transport parameters, we have 
made a careful study of the structure and microstruc- 
ture of the LSCO films, The details of this study will 
be reported elsewherea Here we list some results which 
have implications for the transport and superconducting 
properties. 

(1) X-ray diffraction (0 — 29 scans) indicates that the 
c-axis lattice parameter decreases linearly with the de- 
crease of T c , as shown in Fig. 3d. This indicates that films 
grow with various degrees of strain. The error bars are 
standard deviations from the average c-value calculated 
from eight high-angle (00Z) peaks. In the samples which 
are shown in the figure the standard deviation is very 
small (less then 0.001 A). A small number of films (not 
shown) exhibit large standard deviations, indicative of a 
real distribution of c-values. We interpret these as the 
films with gradual strain relief. Conversly, in the speci- 
mens shown in Fig. 3d this gradual change of c is absent, 
and strain relief presumably occurs by dislocations at the 
interface. 

(2) i^-scans obtained with a 4-cycle diffractometer in- 
dicate fourfold in-plane symmetry which persists in spec- 
imens with low T c , indicating that the good in-plane 
alignment is not disturbed by disorder. The a-axis pa- 
rameter increases with a decrease of c and T c (Fig. 3d) as 
one should expect for strain induced by lattice mismatch. 
The arrows in Fig. 3d show the positions of the bulk lat- 
tice parameters. The in-plane strain changes from com- 
pressive (high T c ), to negligible (T c s» 30 — 32 K), and 
then to tensile (T c < 30 K). We see that the large disor- 
der that gives rise to the enhanced po is associated with 
tensile in-plane strain. 

(3) In the films with large c-distributions the full 
widths at half maximum (FWHM) of the rocking curves 
are quite large, as high as 0.4 deg in some cases (not 
shown on the figures), supporting our previous conclusion 
that strain relief takes place gradually in these films. On 
the other hand, FWHM remains small in the majority 
of specimens (Fig. 3e), confirming the good crystalline 
quality of the films. In fact, FWHM becomes smaller 
as T c drops, indicating that crystalline quality, at least 
as seen by X-ray measurements, improves with tensile 
strain. This suggests that random disorder, as would re- 
sult from oxygen or strontium deficiency, is not present, 
or at least does not increase as T c decreases. 

(4) A direct look at the microstructure of the 
films can be obtained with Atomic Force Microscopy 
(AFM)(Fig. 4). We find that the films with gradual 
strain relief grow with grains of various sizes, from about 
50 nm to 200-500nm (image a), characteristic for 3D 
growth. The root-mean-square (rms) roughness is as 
large as 7 nm in these films. The grains in the films 
without this gradual strain relief are more uniform in 
size (images b to d). The cross-sections of the images 
indicate that the films start as islands, several unit cells 
high at a time. In the films with compressive or negligible 
strain these islands coalesce into quite smooth surfaces, 
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FIG. 4. AFM images of LSCO films with various values of 
T c and FWHM: (a) 32 K and 0.41 deg, (b) 35.2 K and 0.147 
deg, (c) 31 K and 0.134 deg, (d) 26 K and 0.12 deg. 

with rms roughness of the order of one to two unit cells. 
The images b and c represent this regime, with the dif- 
ference between them resulting from different times at 
which the growth terminates. When the strain becomes 
more and more tensile substantial imperfections appear 
at the grain boundaries when the grains coalesce. In the 
film with the lowest T c we observe the formation of very 
flat, imperfecty connected grains (image d). The grains 
are quite uniform in size, about 150 A across, with very 
good crystalline quality inside the grains. The rms rough- 
ness increases again, to about 6 nm. In the tensile regime 
the appearance of imperfect grain boundaries is well cor- 
related with the enhancement of the residual resistivity, 
which we therefore associate with grain boundary scat- 
tering. 

We interpret the evolution of the microstructure as re- 
sulting from the the increase of the number of disloca- 
tions created at the substrate-film interface. For com- 
pressive or negligible strain, a small number of disloca- 
tions relieves the strain partially or fully, contributing to 
a change of strain from film to film. T c remains high, 
but changes with strain. As the number of dislocations 
increases, they are built in at the grain boundaries, con- 
tributing to the tensile strain in the grains, to enhanced 
scattering, and to a decrease of T c . We can conclude that 
there are two regimes in the transport properties of the 
LSCO films. In one, where T c is larger than about 28 or 
30 K, and po is smaller than about 100 pfl cm, the change 
of po and T c is a result of the change of strain alone. In 
the second the transport properties and T c are affected 
by grain-boundary scattering. These two regimes are 
shown on Fig. 3a as "strain" and "strain and boundary 
scattering" . 
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FIG. 5. (p — p g b)/A as a function of T, where p gb is the 
grain boundary resistivity. The samples are the same as on 
Fig. la. The data are labeled with the value of po (in pf2 cm) 
for each film. Inset: po — p gb as a function of A for a larger 
set of films. The line is fitted to the data. 



The fact that A, C, a, and in the strain regime also po, 
undergo the same fractional changes, suggests that the 
strain affects all transport coefficients in the same way, 
while grain-boundary scattering affects only the resid- 
ual resistivity, introducing an additive contribution to 
Po, which we call p gb . If this is indeed the case then 
the quantity po — Pgb should depend on strain only, and 
therefore should be proportional to A. To estimate this 
quantity we first extrapolate the linear relation between 
po and T c from the strain regime, where p gb = 0, as 
shown by the dashed line in Fig. 3a, and calculate the 
value of po — p g b for each sample from its value of T c . 
The inset to Fig. 5 shows that the calculated po — p g b is 
indeed closely proportional to A. The temperature de- 
pendence of p — p g b divided by A is shown in the main 
part of Fig. 5 for the same set of films as displayed in 
Fig. 1. We see that the data for different films collapse 
on the same line, with small deviations appearing only 
below 100 K, probably because of imperfect estimates of 
Pgb- This result confirms the consistency of our analysis 
and shows that the conclusions about the distinct effects 
of strain and grain-boundary scattering are correct. 

From the fit to the data in Fig. 3d we estimate that 
the rate of decrease of T c with c is equal to 680 K/A. 
This value is more than-three times as large as the rate 
reported by Sato et alH for LSCO films with 0.12 < 
x < 0.18. It is possible that a variation in the amount 
of strontium affects the rate, or that the mierostructure 
of films prepared by reactive coevaporationE!3 is different 
from that of films grown by pulsed laser deposition, so 
that a straighforward comparison of the results is diffi- 
cult. 

Defining the strain as e d = (d bulk - dfu m ) / 'd bulk (where 
d is the lattice parameter), we see that in our films it 
ranges from about e a = +0.05% and e c = —0.02% (com- 
pressive in-plane strain) for the film with the highest T c , 
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FIG. 6. Temperature dependence of the resistivity (nor- 
malized to room-temperature) of a series of 
Lai.85Sro.i5Cui_j / Zn H 04 films 
with y = 0,0.01,0.02,0.025,0.03,0.035,0.055,0.08,0.10,0.12 
(from bottom to top). Inset: the room-temperature resistiv- 
ity as a function of y. 



to about e a = —0.19% and e c = +0.08% (tensile in-plane 
strain) for the film with the lowest T c . The change of T c 
induced by the compr£asive or tensile strain may be found 
from the expression,^ T c — T c (0) + 2(8T C / 8e ab )€ ab + 
(5T c /5e c )e c , where ST c /8ei (i = a, b, or c) are the uni- 
axial strain coefficients. The values of these coefficients 
were estimated in Ref.[45], ST C /Se a = (250 ± 340) K, 
ST C /Se b = (400+340) K, and ST C /Se c = (-1090+1120) K. 
Using the average of the values for the a and b axes 
as 325 K, and for the c-axis as — 1090 K, we estimate 
that compressive and tensile strain should change T c by 
about +1 K and —2 K, respectively, so that the maximum 
change of T c directly related to strain should not exceed 
3 K, while the experiment shows a change of the order of 
10 K. With the large uncertainty of the strain coefficients 
the agreement may not be unreasonable. There might be 
some additional contribution to the suppression of T c in 
the tensile-strain regime with grain-boundary scatter- 
ing from partial isolation of the grains and weak links 
between them. Xhis would also explain the broadening 
shown in Fig. Ib.c3 



IV. LSCZNO FILMS: IMPURITIES AND STRAIN 

A. Resistivity 

We now turn to the specimens in which zinc is substi- 
tuted for some of the copper. The temperature depen- 
dence of the resistivity for some of these films (normal- 
ized to the value at room temperature, P295K), is shown 
in Fig. 6. The inset shows the dependence of P295A' on V- 
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These values-are about 30% higher than in similar sin- 
gle crystals.cH However, while in the single crystals zinc 
can be added only up to y — 0.04, three times as much 
can be added in the films. The room-temperature re- 
sistivity increases linearly with y up to about y = 0.1. 
For larger y the increase is faster than linear as a re- 
sult of the approach to the metal-insulator transition, as 
described in a previous publicationo The films remain 
superconducting up to y = 0.055, and the films with 
0.055 < y < 0.12 are metallic but nonsuperconducting. 
In the ceramic specimens superconductivity dissapears 
for y = 0.03B 

In all films the resistivity is linear in T at high tem- 
peratures. We fit the high-T resistivity between 200 K 
and 300 K with Eq. 1 to obtain the residual resistivity. 
Just as in the case of undoped LSCO, the films grow with 
various values of T c and residual resistivity for any given 
value of y. The correlation between T c and po for films 
with zinc was already discussed in Refs. [41,34], where we 
found that for films with small po the dependence of T c an. 
Po is well described by the Abrikosov-Gorkov formulae 
On Fig. 7 we show p as a function of T c . We include 
the data for y = of Fig. 3a as well as the fit to the 
Abrikosov-Gorkov formula from Ref.[34]. We see that 
the crossover in the po-vs-T c line, observed for the films 
with y — 0, is also present for other values of y, so that 
we expect our interpretation of strain, dislocations, and 
grain boundary scattering to be the same in the films 
with zinc as in those without. 




FIG. 7. The residual resistivity po as a function of T c for 
films with various values of y. The dashed line is drawn 
through the data for films with p s < 100pf2cm, which fol- 
low the Abrikosov-Gorkov formula. All other lines are guides 
to the eye. 

We now proceed to the separation of the effects of 
strain and grain-boundary scattering from the effect of 
the zinc impurities. On Fig. 8a we show the dependence 
of po on Vi f° r a ll the films with various values of the 
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FIG. 8. The residual resistivity po (a), the resistivity slope 
A (b), and strain-related residual resistivity, p s (c), as a func- 
tion of y. The black points in (c) indicate films for which Hall 
effect was measured. 

residual resistivity for each value of y. We see that the 
minimum value of po increases linearly with increasing y. 
We assume that this minimum value is the residual resis- 
tivity associated with the zinc impurities, and call it p y . 
The rate of increase of p y with y is p y /y = 2.8mf2cm. 
This value is comparable to-, the rate observed in single 
crystals of YBCO with zinc.El (Because of its closeness to 
the metal-insulator transition we have excluded the film 
with y = 0.12 in the analysis.) 

The slope, A, is shown as a function of y in Fig. 8b. 
In contrast to po it does not change dramatically with 
y. In fact, if we fit a straight line to the data for the 
films with the minimum residual resistivity for each y 
(again excluding y — 0.12), we find that A changes by 
about 17% as y changes from zero to y = 0.1, not far 
from the experimental error of about ±10%. The same 
conclusion of a very weak influence of zinc impurities 
on A may be readied from data for single crystals of 
YBCO and LSCOM3 altho ugh an earlier report noted a 
substantial increase of An The variability of the results 
may be related to differences in the microstructurc of the 
specimens rather than to a change of A with y. In any 
case, we conclude that A remains almost unchanged by 
the addition of the impurities. 

If p y is the zinc-related part of the residual resistiv- 
ity, then the difference, p s = po — p yi is the part which 
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FIG. 9. A as a function of p s for films with different values 
of y. The solid line is a linear fit in the strain regime and the 
dashed line is a fit for films with grain-boundary scattering, 
with p a larger than about 100 fj,Q cm. 



results from strain and grain-boundary scattering. Its 
dependence on y is shown on Fig. 8c, where we see that 
its minimum value does not depend on y. 

The separation into a y-dependent and a y— 
independent part shows that Matthiesson's rule is valid 
and that we can have confidence in the relation 



Po = Py + Ps- 



(4) 



We can test this relation further by investigating the 
relation of p s to the other transport parameters. The re- 
lation of A to p s is shown on Fig. 9. In spite of consider- 
able scatter we can identify two different regimes. When 
p s is smaller then about 100/if2cm, A increases rapidly, 
while for larger p s a crossover is seen to a much weaker 
increase. This crossover is similar to that of Fig. 3a, i.e. 
it is caused by more rapid increase of p s in the grain- 
boundary scattering regime. We will see that a similar 
conclusion can be drawn from the Hall effect data. 



B. Hall effect 

On Fig. 8c we show by black points the specimens for 
which the Hall effect was studied. The influence of strain 
on the Hall angle was already discussed for y = 0. To 
see how the zinc impurities change the strain-related ef- 
fects, we have measured several films with y — 0.025 
and with different values of p s , including the film with 
p s > cm, in the grain-boundary scattering regime. 

The transport parameters for the films in which the Hall 
effect was studied are collected in Table 1. The table 
also includes the data on magnetoresistance which will 
be discussed in the next section. 

On Fig. 10 we show the temperature dependence of the 
Hall coefficient for selected films with various values of 
y. We see that the zinc causes a decrease of Rh without 
appreciably affecting the shape of Rh(T). This behav- 
ior is quite different from that observed in LSCO when 



TABLE I. Transport parameters of the films of 
Lai.85Sro.i5Cui_ y Zn H 04. The definitions of all parameters 
are given in the text. The experimental accuracy is about 
± 15% for the last column, and about ± 10% for all other 
values. 
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FIG. 10. Temperature dependence of the Hall coefficient, 
Rh, for a series of films with various values of y. 
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FIG. 11. (a) and (b) cot 6h at 8 T, (c) cot& H /a as 
a function of T 2 . The lines are fits to the equation 
cot Oh = ctT 2 + C. In (a) the data are for the films with 
different values of y; in (b) the data are for y = 0.025 and dif- 
ferent values of po (in pficm); in (c) all the data are included. 
The solid lines are drawn through the data for the films with 
y = 0.025. Inset in (b): the correlation between C and a for 
films with different values of po- 



ttle strontium-lanthanum ratio is changed—both in the 
underdoped and in the overdoped regimes .E3t3 With de- 
creasing strontium the metal-insulator transition is ap- 
proached as a result of the decrease in the carrier concen- 
tration. This leads to atuincrease of the Hall coefficient 
by a factor of about six.ta In the films with zinc, on the 
other hand, the decrease of Rh is quite modest, only 
by a factor of about 1.6. This underscores the fact that 
with the addition of zinc the metal-insulator transition 
is quite different, driven by disorder rather than by a 
change in the carrier concentrationo 

The influence of the zinc on the cotangent of the Hall 
angle is shown in Fig. 11. Part a shows the data as a 
function of T 2 for films with different y. A few of the 
specimens were measured to 300 K, the rest to 200 K. It 
is seen that the data for most of the films follow straight 
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FIG. 12. a (a), C (b) and C/a (c) as a function of y. The 
full point in (c) is for Lai.83Sro.i7Cu04 single crystal of Harris 
et al, Ref.[8]. 



lines, except for upturns below about 70 K in the films 
with y > 0. The upturns may be related to localization 
effects, or to the opening of a pseudogap. There is also 
small deviation from the straight line in the film with 
y = 0.12 for T > 200K, presumably because of the vicin- 
ity of the metal-insulator transition. Apart from these 
deviations, Eq. 2 is followed, even in films with so much 
zinc that there is no longer any superconductivity. This 
is quite different from the behavior observed when the 
strontium content is altered in LSCO, when deviations 
are observed away from optimal doping, particularly in 



the overdoped regionl 

An increase of zinc causes an increase in the cotangent 
of the Hall angle. However, the lines do not progress 
monotonically with y. For example, the line for y = 0.08 
is below that for y = 0.055. The reason is the random 
variation of strain from film to film. This can best be 
seen on Fig. lib, where we show data for three films 
with y — 0.025 and different values of the residual resis- 
tivity. The inset shows that C and a are again propor- 
tional to each other. Just as before for y = (Fig. 2), 
the three lines collapse to one if instead of cot ®h we 
plot cot O/f /a (Fig. 11c). Moreover, on this graph the 
increase of cot O^/a with increasing y is monotonic. 

This is also illustrated on Fig. 12, where the two top 
panels show a and C as functions of y for all films, in- 
cluding the three films with y = 0.025 and the five films 
with y = from Fig. 2. The scatter of the parameters 
disappears when we plot the ratio C/a (Fig. 12c). The 
strain affects both parameters in the same way so that 
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FIG. 13. (a) a as a function of p 3 for films with different 
values of y. The line is a linear fit in the regime of small p a , i.e. 
without grain-boundary scattering, (b) The proportionality 
bewteen Co and a. The full point is for the Lai.83Sro.i7Cu04 
single crystal of Harris et al, Ref. [8]. 



C/a is a function of y only. We see further that C/a 
increases linearly with increasing y. 

Fig. 13a shows the dependence of a on p s for all films 
measured in this study. For p s less than 100 piQ cm the 
points fall on a straight line, regardless of the value of 
y. For larger p s there is a crossover to a different regime. 
This is the same behavior as that of A shown on Fig. 9. It 
follows that a is y-independent, and depends on strain in 
a similar fashion for all films regardless of y. The relation 
between a and p s is also a further indication that the 
separation of po into p y and p s is, correct. A previous 
study of YBCO crystals with zincO without strain finds 
a also to be y-independent, and equal to 5.11 x 10~ 3 
K -2 , close to the minimum in our films. 

Since a is y- independent, and C/a depends on y only, 
we conclude that C is a linear function of y: C = Co + 
C\y. The fit to the data in Fig. 12c gives two parameters: 
Co/a = (1.8±0.1) x 10 4 K 2 , and d/a = (2.6±0.2) x 10 5 
K 2 . 

We summarize the behavior of the Hall angle by rewrit- 
ing Eq. 2 as 



cot@ H /a = T 2 + C/a, 
C = C + C x y. 



(5) 
(6) 



where each term in (5) is strain-independent and a func- 
tion of y only, a and C depend on strain in the same 
way, and a is y-independent. 



Fig. 13b shows Co as a function of a for all films. The 
data lie closely on a straight line, including even the spec- 
imen with y = 0.12, close to the metal-insulator transi- 
tion, as well as the point for the single crystal of LSCO0. 



C. Magnetoresistance 
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FIG. 14. The orbital magnetoresistance at 8 tesla as a func- 
tion of log(T) for a series of films with various values of y. 
Inset: The TMR and the LMR as a function of temperature 
for the film with y — 0.035. 

The magnetoresistance measurements were performed 
in two configurations of the magnetic field with respect 
to the Cu02 planes. In nonsupcrconducting films, i.e. for 
y > 0.055, both the longitudinal and the transverse mag- 
netoresistance (LMR and TMR, respectively) are nega- 
tive at very low temperatures, with increasing magnitude 
as y increases. Xhe analysis of this effect, to be pre- 
sented elsewhere,El suggests that it originates in the spin- 
disorder scattering of carriers on magnetically-ordered 
spin droplets around Zn-impurities. 

In this paper we concentrate on the regime of high 
temperatures, from 25 K to 300 K. The inset to Fig. 14 
shows the T-dependences of the LMR and the TMR for a 
film with y = 0.035. The TMR is positive over the whole 
temperature range, for all values of y, and decreases with 
increasing y. The LMR has a more complicated behav- 
ior, but it is always smaller than the TMR, by a factor 
of 3 to 10, approaching the experimental resolution of 
the measurements at high temperature. At the highest 
temperatures the LMR is slightly negative and becomes 
positive as T is lowered below about 50 to 150 K. We at- 
tribute the LMR to isotropic spin scattering. Spin scat- 
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FIG. 15. Log-log plot of the orbital magnetoresistance at 
8 tesla as a function of temperature for a series of films with 
various values of y. All lines are guides to the eye. The solid 
lines are drawn through the data for y = and y = 0.025, for 
which several films with different po were measured. 

tering may be expected to grow with increasing y since 
zinc-doping produces enhanced staggered magnetization 
around impurity sites EH Subtracting the LMR from the 
TMR we obtain the orbital magnetoresistance (OMR), 
which is shown in the main part of Fig. 14 for a series of 
films with various values of y. 

The OMR is positive in most of the films, but decreases 
rapidly with increasing y until, in the film closest to the 
metal-insulator transition (y = 0.12), it becomes nega- 
tive below about 50 K. In fact, we can see in Fig. 6 that 
the resistivity of this film shows an upturn in the vicinity 
of 50 K. Presumably the negative OMR is related to the 
localization effects which dominate the behavior close to 
the metal-insulator transition. 

In Fig. 15 we show the T-dependence of the OMR on a 
double logarithmic plot for the films with positive OMR. 
There are two important features in this graph. First, 
the magnitude of the OMR decreases monotonically with 
increasing y. This suggests that the OMR is not sensitive 
to strain effects. This is confirmed by the lines for y = 
and for y — 0.025, which include data for several films 
with different residual resistivities. They can be seen to 
be following closely along single lines for each value of 
y, showing that the OMR is not influenced by strain but 
depends solely on y. 

The second interesting feature is the shape of the OMR 
curves. The lines for all superconducting specimens 
(y > 0.055) have a characteristic "S" -shape, as prg¥i-i 
ously observed in optimally doped LSCO and YBCOBta 



FIG. 16. The OMR as a function of tan 2 9h (a), and as 
a function of a 2 tan 2 Oh (b). The data include two films 
with y = (circles and dotted lines), and three films with 
y — 0.025 (triangles and solid lines), with different residual 
resistivities (in /ificm). The dotted and solid lines are guides 
to the eye. Straight dashed lines are fitted to the data in the 
high-temperature regions. 

The high-temperature part of the data, fr onirakput 70 K 
to 300 K, is convex and as discussed in Refs.P'EJ] follows 
the T-dependence of the square of the Hall angle in ac- 
cord with Eq. 3. At lower temperatures, below about 70 
K, the lines deviate upwards. The deviation leads to an 
inflection point which gives the curves their S-shape. 

We have noted previouslyEj that the inflection point 
moves to higher temperatures when the strontium frac- 
tion is decreased, until in strongly underdoped LSCO the 
curves lose their S-shape, as the region of validity of Eq. 3 
moves to higher temperatures, beyond the region of the 
measurements. In contrast, we see that the zinc impu- 
rities do not affect the shape of the curves. They retain 
their S-shape, at least in all superconducting specimens, 
showing that Eq. 3 remains valid for all films above 70 
K. We have suggested previously that the position of the 
inflection point is related to the pseudogap opening. We 
will return to discuss this point in the next section, but 
concentrate first on the high-temperatures regime where 
the OMR is proportional to tan 2 Oh- 

In order to investigate the relation between the Hall 
effect and the OMR in more detail we show on Fig. 16a 
the OMR data for the films with y = and y = 0.025 as 
a function of tan 2 Oh ■ Since the Hall angle is affected by 
strain and the OMR is not, the data for specimens with 
the same y and different po fall on separate curves. The 
high-T region is to the left of the figure, for small val- 
ues of tan Oh, and small values of the OMR. The dashed 
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FIG. 17. The OMR as a function of « 2 tan 2 O w for a series 
of films with various values of y. The high-temperature data 
are on the left side of the figure. All lines are guides to the 
eye. 

straight lines are fitted to the data in this regime. Within 
experimental error the lines have the same slope, indicat- 
ing the validity of Eq. 3. As is true for y = (Fig. 2), 
the differences between the data for different p disappear 
when we plot the OMR against a 2 tan 2 Q H (Fig. 16b). 

Fig. 17 shows the data for all films with positive OMR 
as a function of a 2 tan 2 8ij- We see that the high- 
temperature data follow a set of parallel lines for all spec- 
imens, even the nonsuperconducting ones. This shows 
that in this region the OMR and tan 2 Qh have the same 
temperature dependence. The straight lines shift down- 
wards as y increases, showing that the coefficient of pro- 
portionality decreases as y increases. 

We now rewrite Eq. 3 as 

Ap/p= (C/a 2 )(a 2 tan 2 H ). (7) 

Since a 2 tan 2 0# is strain-independent, and the exper- 
iment shows that this is true also for the OMR, it follows 
that the coefficient C,/a 2 is also not affected by strain and 
depends only on y. Moreover it has a surprisigly simple 
dependence on y. In Fig. 18 we plot its reciprocal as a 
function of y. This function is seen to incease linearly 
with y. Since a is y-independent, this graph gives us 
also the y-dependence of £• We can write 

4 = K ] K > ( g ) 
or Kq + Kiy 

where K = (2.75 ± 0.16) x 1CT 6 K~ 4 and K x = (6.54 ± 
0.55) x 10~ 5 K~ 4 . 
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FIG. 18. The dependence of the reciprocal of the parameter 
C/ct 2 on y. The scale on the right shows the values of the recip- 
rocal of ("(ao/a) 2 . The full point is for the Lai.83Sro.i7Cu04 
single crystal of Harris et al., Ref. [8]. 

The last column of Table 1 shows (/a 2 multiplied by 
cvo 2 , where ao is the value of a for the film with y — 
and with the lowest residual resistivity, ao — 5.65 x 10 -3 
K~ 2 , so that it is equal to ( for y — 0. It changes from 
11.05 in the film with y = to 3.78 in the film with 
y = 0.10. We show the reciprocal of this quantity on 
the right-hand side of Fig. 18. The value of £ for the 
Lai.83Sr .i7CuO4 single crystal of Ref.[8] is 13.6, in good 
agreement with the film value. 

The coefficient £ in LSCO is substantially larger then 
in other higi-T c compounds. In YBCO £ is equal 
to 1.5 — 1.7,0 and in optimally doped and overdoped 
Tl 2 Ba2Cu06+(5 it is equal to 3.6 and 2.0, respectivelyllj 
Since the magnitude of the cotangent does not differ 
significantly between the different compounds, the ratio 
seems to depend mainly on the magnitude of the OMR, 
which reflects the deviation of the Fermi surface from 
sphericity. The larger £ in LSCO would than be a nat- 
ural consequence of the fact that the Fermi surface is 
more flat in LSCO than in any of the other high-T c com- 
pounds. The addition of impurities reduces C to_a value 
comparable to that of the thallium compounds.EEl This is 
probably a consequence of the reduction of the anisotropy 
caused by the addition of isotropic impurity scattering. 
Since the magnetoresistance is an effect of higher order in 
magnetic field than the Hall effect, it should be more sen- 
sitive to the reduction of anisotropy than the Hall angle, 
leading to a decrease of ( with y. 

D. Pseudogap 

We now return to the discussion of the inflection point, 
and its relation to the pseudogap. 

The inflection point marks a crossover from the high- 
T regime, where the OMR is proportional to tan 2 Qh , to 
low-T regime, where this proportionality does not hold. 
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FIG. 19. The OMR as a function of a 2 ta,n 2 Q H for 
La2- a; Sr 2 :Cu04 films with various amounts of strontium, x, 
as indicated in the figure. The dotted lines are guides to the 
eye. The arrows identify the onsets of the saturation of of 
tanO^f, at temperatures indicated next to each curve. 



The inflection point is very easy to identify from Fig. 17, 
even in the case of nonsuperconducting specimens. It is 
about 60 to 70 K, regardless of y. jHjiis is very different 
from its shift in underdoped LSCOJ13 which we show on 
Fig. 19. Here the region where the data follow straight 
lines moves gradually to higher temperatures, and the 
slope of the line changes, showing that Eq. 3 is not fol- 
lowed. This is consistent with our previous finding that 
the T-dependence of the OMR looses it's S-shape in un- 
derdoped LSCO because the inflection point moveSj-tp 
temperatures outside the range of the measurements. cB 
When the loss of proportionality between the OMR 
and tan 2 Oh was first discovered, it was atributed to 
superconducting fluctuations,-] which would enhance the 
OMR in the vicinity of T c .LrlIZl A careful examination of 
Figs. 17 and 19 shows, however, that the deviation of the 
two quantities is related to the suppression of tan Oh 
rather than to an enhancement of the OMR. This is 
most easily seen in the specimens with low T c and in 
nonsuperconducting specimens, in which the supercon- 
ductivity does not get in the way. The OMR continues 
to grow steadily at low temperatures, while tanO# first 
saturates, and then decreases. The temperature of the 
onset of saturation does not follow the decrease of T c , but 
remains constant at about 60 to 70 K in the specimens 
with zinc, and increases in the underdoped samples, as 
shown by arrows in Fig. 19. The only specimen in which 
the enhancement of the OMR may play a role is the one 
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FIG. 20. The rescaled Hall coefficient, Rh (T) — Rh °° ) / R*h i 
as a function of temperature. The inset shows the behavior 
of the parameters Rh 00 and R* H as a function of y. 



with the optimal T c , presumably as a result of the close 
vicinity of the transition to the superconducting state. 

A second effect, seen on Fig. 15 is a gradual decrease 
of the OMR, below about 30 K in the film with y = 0.08, 
and below about 55 K in the film with y = 0.1. This 
effect is y-dependent and quite distinct from the y— 
independent suppression of tan Oh- As we mentioned 
before, it may be linked to localization effects which even- 
tually lead to a negative OMR in the film with y = 0.12. 
We conclude that in the films with zinc there are two 
distinct anomalies. One, at higher T, is the suppression 
of tan©#, while the OMR continues to increase as T is 
lowered. The second effect, at lower T, is a suppression 
of the OMR, associated with localization effects. 

The suppression of tan O^-aLlow T has been observed 
before in underdoped YBCQl3Ej and in single-layer and 
bilayer bismuth compoundscJ suggesting that they may 
be related to the pseudogap opening. In Ref.[52] it was 
noted that the suppression of tan©#, and the broad 
maximum in Rh both occur at approximately the same 
temperature as the anomaly in the 63 Cu NMR relaxation 
rate. In the Bi-2212 phase, on the other hand, the tan- 
gent anomaly occurs at lower T than the anomalies in 
the NMR relaxation rateJlj 

The correlation between the maximum in Rh and the 
suppression of tan Oh in LSCO may be observed directly 
from the T-dependence of these quantities, which we now 
examine in more detail. We have rescaled the Hall coeffi- 
cient, Rh, by the procedure outlined in Ref. [16], where it 
is shown that Rh (T) for various values of x collapses to 
a single curve if plotted as (i?/r(t) — Rh°°)/ R*hi versus 
t = T/T*. Here Rh°° is the asymptotic value of Rh at 
high T, while R* H and T* rescale the Hall coefficient and 
the temperature, respectively. T*, which identifies the 
temperature above which the Hall coefficient becomes 
T-independent, was found to decrease from about 700 
K for x — 0.1 to 100 K in the overdoped regime, and 
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FIG. 21. The rescaled cotangent of the Hall angle, 
(cot Oh /ot — C/a)/T 2 , as a function of temperature, for sev- 
eral underdoped LSCO films (a) , and for a series of films with 
zinc (b). 
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FIG. 22. The relative change of the longitudinal and Hall 
conductivities, normalized at T — 100 K. The data are for 
two underdoped LSCO films with x — 0.135 and x — 0.06 
(a), and for two films with y = 0.055, and y — 0.06 (b). The 
Hall conductivity is measured at 8 tesla. All lines are guides 
to the eye. 



was proposed later to be related to the opening of the 
pseudogapBa We apply the same procedure to the data 
of Fig. 10 for a series of films with zinc, and show the 
result on Fig. 20. The parameters of the rescaled Hall 
coefficient are shown in the inset. We find that it is 
not neccesary to rescale the temperature, as could be 
anticipated from the fact that the maximum in Rjj(T) 
does not shift with y. Comparison with Ref.[16] leads to 
T* ~ 600 K, independent of y, and close to the result of 
Ref.[16]. 

In order to examine the deviation from Eqs. 2 and 5, 
we show on Fig. 21 the quantity (cot — C/a)/T 2 . 

The top panel shows the data for several underdoped 
LSCO specimens, while the bottom contains the data for 
the films with zinc. The data for the optimally doped 
LSCO specimens deviate downwards in both figures, as 
a result of the close vicinity of T c . On the other hand, 
the data for both underdoped LSCO, and LSZNCO, devi- 
ate upwards, because of the suppression of tan©# . The 
point of deviation clearly shifts to higher T with the de- 
crease of x, but remains constant, at about 50 to 70 K 
when y changes. 

To determine the origin of the suppression of tan Oh 
we have analyzed the T-depcndcncc of the longitudinal 
and the Hall conductivities. We find that in the LSCO 
films both conductivities decrease |*t low temperatures, 
unlike the situation in 60 K YBCO,E3 where the suppres- 
sion was found to be present only in the Hall conductivity. 
This behavior is illustrated in Fig. 22, were we show the 
relative change of conductivities for two underdoped, and 
two films with zinc, normalized to T — 100 K. The onset 
of superconductivity is evident at the lowest temperature 
in the film with x — 0.135. Apart from this all data dis- 



play broad maxima in the conductivities, which shift to 
higher temperatures with decreasing x, and remain con- 
stant when y changes, as for the anomalies in tan©#. 
However, in each specimen the Hall conductivity displays 
more pronounced anomalies, and at slightly higher tem- 
peratures than the longitudinal conductivity. This pat- 
tern indicates that the relatively stronger changes of the 
Hall conductivity are the cause for the tangent suppres- 
sion. If we link this effect to the development of the 
normal-state gap, our analysis reveals two important re- 
sults. First, we conclude that the pseudogap opening 
affects the Hall conductivity more effectively than the 
longitudinal conductivity. Secondly, the pattern of the 
evolution with x and y indicates that the temperature at 
which pseudogap opens is not affected by the zinc dop- 
ing, while it shifts to higher temperatures for underdoped 
specimens. 

Finally, we would like to comment shortly on the de- 
crease of the OMR at low temperatures, which we pro- 
pose to link to the localization effects. These are not 
usual effects of weak localization observed in conventional 
disordered metals. We have made a careful study of the 
behavior of magnetoresistance of the zinc-doped and the 
underdoped LSCO at temperatures below these discussed 
in the present paper, at T < 25-K , and the detail account 
will be published separately^ The results reveal that 
the weak localization effects are absent. Instead, we find 
strong evidence of the influence of spin-disorder scatter- 
ing on the transport. This is not surprising. In LSCO 
the carriers move in the disordered magnetic background 
of the Cu02 planes, and themselves influence the type 
of this disorder, contributing to the T-dependence of the 
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resistivity. There is plenty of evidence that-tha localiza- 
tion of carriers is neii-uniform in LSCOj£d'E_rE3 possibly 
in form of stripesHI It is important to point out that 
these localization effects appear to be distinctly different 
from the effects of the normal-state pseudogap opening 
which are observed in the high-temperature range. 

V. DISCUSSION 

The main subject of this study, which is the influence 
of the impurity doping and strain on the normal-state 
transport properties, may be summarized as follows. 

(1) Strain 

If we exclude the effect of grain-boundary scattering, 
the strain affects po, A, a and C in approximately the 
same way. A decrease of the c-axis lattice parameter, 
accompanied by an increase of the a-axis parameter (i.e. 
tensile in-plane strain) , results in an increase of all trans- 
port parameters, with a fractional changes of about 65% 
per 0.01 A. The OMR, on the other hand, is not affected 
by strain. 

(2) Impurities 

The addition of zinc does not change the carrier con- 
centration. It adds an impurity scattering term to the 
residual resistivity and to the elastic Hall scattering term. 
It has almost no effect on A and does not affect a. These 
results are consistent with previous observations. How- 
ever, the OMR is more strongly suppressed by impurities 
than tan 2 Ojj, so that Q decreases with an increase of im- 
purities. 

Before we compare these results to more sophisti- 
cated theoretical models, we compare them first to a 
simple Drude model, where the resistivity is given by 
p = m* /ne 2 r, n is the carrier concentration, m* the ef- 
fective mass, and t _1 the relaxation rate, with both an 
elastic and an inelastic part. The Hall effect and the mag- 
netoresistance are described by the relations: cotO# ~ 
(wct)" 1 , and Ap/p oc (w c t) 2 , where lo c = eB/m* is the 
cyclotron frequency. In our experiment the tensile strain, 
which increases the in-plane distances, causes simulta- 
neous proportional increases in all transport coefficients, 
i.e. it changes both the elastic and inelastic terms in p 
and cot in the same way. In the Drude model this 
can only be explained by an increase of the effective mass, 
which would qualitatively be a reasonable outcome of the 
increase of the in-plane lattice distances. However, we 
would expect the OMR to change as well, since it is pro- 
portional to uj c 2 , and this is not observed. In addition, 
£ depends on the impurity content, while it should be 
constant in this model. 

We now consider more complicated approaches, de- 
signed to reproduce the different T-dependences of p and 
cot Oh ■ We start with— the non-FL models. The origi- 
nal model by AndersonEj invokes a picture of holons and 
spinons which separately control the longitudinal and 
transverse relaxation rates, respectively. A subsequent 



model, also with two distinct relaxation rates, assumes 
that the electronic scattering in cuprates is sensitiwa 
to the charge-conjugation symmetry of quasiparticles.E2l 
The main feature of both models is that two relaxation 
rates, which are a result of spin-charge separation or dif- 
ferent parity of the quasiparticle states, exist at each 
point of the Fermi surface. Since in these models the 
Hall effect and magnetoresistance are goverened by the 
same relaxation rate, their ratio should behave as in the 
Drude model, i.e. the coefficient £ should be indepen- 
dent of temperature, impurities, or strain. Our results 
are inconsistent with these expectations. 

The FL models assume the existence of quasipar- 
ticles with strongly anisotropic scattering rates along 
the Fermi surface. Various anisotropics have been pro- 
posed, including "hot spots" and "cold spots" , small re- 
gions of Fermi surface in which the scattering is either 
much stronger, or much weaker, respectively, than in 
the remainiuu-Jia|rts.|-apd has a distinctly different T— 
dependence.BO'EjiSfloEZl Possible microscopic origins of 
different scattering rates include antifcrromagnetic spin 
fluctuations, charge fluctuations, and pairing fluctuations 
which maji-jCQiiole preferentially to carriers with certain 
momenta.BcJ'CJ These concepts are based on ARPES 
results which indicate that single particle scattering is 
much stronger along the (0,0)-(7r,0) and-^0,0)-(0,7r) di- 
rections than along the zone diagonals E3 Since p and 
cot@H involve scattering in different regions of the Fermi 
surface, it is then possible to reproduce the different In- 
dependences of p and cot 

The magnetopesiajtance has been evaluated in only two 
of these modelsO'cJiOne of them is the cold-spots model 
of Ioffe and Millisa, which assumes that the in-plane 
resistivity is controlled by carriers with momenta along 
the zone diagonals, which have an FL scattering rate 
proportional to T 2 (cold spots). In the regions away 
from the diagonal, the scattering rate makes a large 
T-independent but momentum-dependent contribution. 
The linear T-dependence of the resistivity results from 
the linear T-dependence of the width of the cold region. 
This model h*3-been used sucsessfully to explain several 
experimentsO'Ej However, the magnitude of the OMR 
is much larger than experimentally observed and the co- 
efficient £ is found to be T-dependent. These features 
disagree with both the previous experiments, and with 
the present study. The model predicts a violation of 
Matthiesson's rule and this is also contrary to the ex- 
perimental data. In addition, the ratio £ should increase 
with y, while our experiment indicates a decrease. 

A second calculation of the OMR is based on the phe- 
nomenological additive two-r model , .which assumes two 
distinct relaxation rates n and t 2 P 6 H 27 1 The Fermi sur- 
face is assumed to have large fiat regions around M 
points with a short relaxation time t\ ~ T _1 and large 
Fermi velocity (hot spots) . The sharp corners around the 
nodal points have a long relaxation time t 2 ~ T~ 2 and 
small Fermi velocity (cold spots). The carriers from the 
hot spots dominate the in-plane resistivity, while cold 
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regions dominate the Hall conductivity, leading to In- 
dependences which agree with experiment. This model 
leads to an almost T-independent ratio £, close to the 
experimental results. The impurity effects on £ have 
not been evaluated. ARPES experiments on bismuth 
compounds dq-jaot confirm the assumed character of the 
Fermi surfaceH The flat portion around the M points 
is observed to be smaller, and the velocities in the hot 
region are smaller than in the cold region. Interestingly, 
the large flat portions around M may better approximate 
the real Fermi surface observed in LSCO. 

Apart from these comparisons the effect of strain cre- 
ates the most stringent test of the FL models. The mod- 
els have to reflect the fact that strain affects all transport 
coefficients similarly, but does not affect the OMR. The 
effect of strain on the Fermi surface can change the rel- 
ative size of the cold and hot areas. In the two-r model 
the ratio of the contributions from the cold and hot ar- 
eas appears to be approximately the same for the Hall 
conductivity and for the magnetoresistance, so that the 
different effects of strain on these quantities may be dif- 
ficult to reproduce. However, a detailed comparison is 
needed to evaluate this effect. 

A recent ARPES study provides-, more detail on 
the properties of the Fermi surfaced It finds that in 
Bi2Sr2CaCu208+<5 (Bi2212) the single-particle scatter- 
ing rate contains a large T-independent part which dis- 
appears only in the vicinity of the nodal directions, plus 
a part linearly dependent on temperature and energy 
which extends over most of the Fermi surface and be- 
comes almost T-independent in the vicinity of the (tt, 0) 
and (0, 7r) directions. This result motivated-the develop- 
ment of two new theoretical approaches 

The model of Varma and Abrahams combines the pre- 
dictions of the marginal FL hypothesis for the inelastic 
scattering linear in T with an elastic, strongly anisotropic 
term, which results from small-angle forward scattering 
by impurities situated away from the Cu02 planes.E3 The 
forward scattering produces new contributions to tan Oh 
so that instead of Eq. 2 the resistivity should be propor- 
tional to Vcot Wh . The data for single postals of YBCO 
with zinc seem to support this form.E3 A preliminary 
analysis of our data shows that this proportionality is 
followed for a film with y = and small strain. However, 
deviations appear for films with strain. The proposal of 
Ref. [32] has also been discussed by Hlubinal£3 who ar- 
gues that the new contributions to cot Oh from forward 
scattering will introduce terms of the same magnitude in 
the resistivity as well, so that the differences between the 
T-dependences of p and cot Oh may not be observable. 

Another model introduced recently is the two-patch 
model, designed to analyze normal state transport-prop- 
erties of cuprates using the Boltzmann equation.ES The 
Brillouin zone and the Fermi surface are divided into re- 
gions where the scattering between the electrons is strong 
and the Fermi velocity is low (hot patches), and regions 
where the scattering is weak and the Fermi velocity is 
large (cold patches). For Bi-based cuprates the hot 



patches are centered around the saddle (M) points of 
the Brillouin zone, while the cold patches are centered 
around the nodal points, along the TY(X) direction of 
the Brillouin zone. Three distinct temperature depen- 
dences for the scattering amplitude are assumed, T 2 in 
the cold region, T for the inter-patch (hot-cold) scatter- 
ing, and a T-independent value in the hot region. The re- 
sulting scattering amplitude 1/Vfc obtained from the scat- 
tering matrix is strongly momentum dependent and the 
low-temperatu re .| beh a¥jor, in contrast with other simi- 
lar approaches ,r W tt tEZI is always non-FL, with a linear 
T-dependence in the cold patches and a constantin the 
hot patches, as observed by the ARPES spectraH This 
model gives a reasonable description of the transport 
properties of the -Bi-based cuprates. When comparing it 
to our experiment we note first that the model predicts 
an increase of the residual resistivity and of the constant 
term in the cotangent when the size of hot regions in- 
creases. Since hot regions may be expected to be larger 
in the flatter Fermi surface of LSCO, this would explain 
why the residual resistivities and the constant term in 
the cotangent are larger in LSCO than in other cuprates. 
In addition, the T-dependence of the longitudinal and 
the Hall conductivities in this model are both controlled 
primarily by the density of states and the Fermi velocities 
in the cold regions. The similar effect of strain on these 
quantities could then be explained by the effect of strain 
on the cold-region properties. It is not clear if this model 
can reproduce the insensitivity of the OMR to strain. To 
see this more detailed calculations using the LSCO Fermi 
surface would be necessary. 

To summarize this part of the discussion, we conclude 
that our results disagree with most of^he earlier theoret- 
ical models. New theoretical models,E5E3 which include 
the Fermi surface properties in a more realistic way may 
turn out to be more compatible with experiment. More 
detailed comparisons are needed to evaluate these new 
proposals, including the effects of strain, as described in 
this study. 

Next we comment on the markedly different effect of 
a change of x (in underdoped LSCO), and y (in zinc- 
doped LSCO) on the pseudogap, as inferred from the 
suppression of tan Oh ■ 

The gradual opening of a pseudogap was originally 
suggested to explain anomalies in the behavior of vari- 
ous normal-state properties.Eil These anomalies take the 
form of a crossover temperature between two different 
T-dependences. An example is the Hall effect anomaly, 
where below the crossovex-.temperature, T*, the Hall co- 
efficient is T-dependent.li3 The crossover temperatures 
for different properties and materials differ a great deal. 
However, most of them increase with underdoping. For 
example, in LSCO T* increases fromnlOO K to 700 K 
when x is decreased from 0.3 to 0.05 Jl3 

ARPES studies provided a number of important in- 
sights into pseudogap phenomena. The opening of the 
gap in the normal-state excitation spectrum above T c has 
been detected in underdoped Bi2212 and Bi2201. Its mo 
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mentum dependence is consistent with d-wave symmetry, 
and as the temperature decreases the normal-fState gap 
evolves smoothly into a superconducting gap.E3~E3 The 
temperatures of the pseudogap opening from tunneling, 
optical conductvity, and Raman scattering experiments, 
are in quite good agreement with the ARPES data on 
Bi2212B 

The situation is more confusing for LSCO. The photoe- 
mission studies are more difficult because of quick surface 
degradation at high temperatures. The-ARPES stud- 
ies were limited to low temperatures,! 55 !! 5 ^ while angle- 
integrated photoemissian, spectra (A1PES) were investi- 
gated as a function of TrB An AIPES study of optimally- 
doped LSCO reveals a suppression of the density of states 
near the Ferpw energy as T is lowered, extending to about 
30-35 meV.E^I This energy corresponds to about 350 to 
400 K, which is somewhat lower than the Hall-effect, 
crossover temperature T* in optimally doped LSCO.t£l 
However, no evidence was found of the connection be- 
tween this pseudogap and the superconducting gap. The 
ARPES study focuses on the dependence on x of the 
spectra measured around the saddle point (ir, 0) and con- 
cludes that the energy gap, A, increases smoothly with 
decreasing x. In an optimally-doped crystal A is a super- 
conducting gap of about 8 meV, while in an underdoped 
specimen-sp-th x = 0.05 it is a normal-state gap of about 
25 meV.EJCj In addition, the spectral weight around the 
nodal points becomes severely depleted below x = 0.12, 
while the band around the saddle points is very flat. 

In order to correlate the suppression of tanO#, ob- 
served in our measurements, with the other anomalies, 
we compare their ^-dependences on Fig. 23. The full 
circles show the temperature T tan at which tan Qh is sup- 
pressed for the underdoped LSCO films from Fig. 19. As 
we discussed earlier, in optimally-doped films the vicin- 
ity of the superconducting state prevents the suppression 
of tan Oh from being seen. Instead we plot the temper- 
ature of the inflection point for x — 0.15 and x — 0.225. 
We also plot T c for all films. Comparing the two depen- 
dences we see that the line describing the suppression of 
tan Oh is considerably higher than the T c -hne in the un- 
derdoped films, but approaches T c in the optimally doped 
films. 

Next we include the crossover temperatures-of the Hall 
effect (T*), and the susceptibility fcam Ref.p3], and the 
gap from the ARPES experiments £3 Our results for T* 
give a value of about 600 K, which is in reasonable agree- 
ment with the T*-line in the figure. It is clear that T tan 
is considerably smaller than T*. Instead, it seems to be 
quite closely related to the normal-state gap value in- 
ferred from the ARPES experiments. Therefore we con- 
clude that the Hall conductivity in the underdoped films 
is strongly affected by the opening of the normal-state 
gap around the saddle point (tt,0). 

It is important to point out here that this conclusion 
does not nessecerily mean that the nodal excitations are 
unimportant for the normal-state Hall effect. As we dis- 
cussed, in the underdoped specimens Eq. 3, character- 
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lies from Hall effect and susceptibility, Ref. [16]. All lines are 
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istic for the normal state of the optimally doped films, 
is not fulfilled. This indicates that in the underdoped 
samples the density of states which contributes to the 
transport properties is already severely affected at high 
temperatures, and this is reflected in the shift of T* with 
underdoping. While this effect may be a precursor of the 
normal-state gap opening, the ARPES results suggest 
that there is another possibility, related to the decrease 
of the spectral weight, around nodal points in the under- 
doped specimens. tlaES It is entirely possible that in the 
optimally-doped range the nodal density of states con- 
tributes decisively to the transport propertis, and after 
it is eliminated by the underdoping the only contribu- 
tion which is left is from the saddle point. Alternatively, 
the effect may be related to the shrinking of the size of 
Fermi surface regions without a gap around the nodal 
points. This would be more in accord with the fact that 
a similar coincidence between T tan and the normal-state 
gap opening deduced from ARPES occurs for bismuth 
compounds,E£fEj in which there is no substantial decrease 
of the spectral weight around nodal points in the under- 
doped compositions. This would indicate that the origin 
of the effect of normal-state gap opening on the sup- 
pression of tan Oh is the same for different cuprate com- 
pounds. 

Finally we discuss the effect of zinc on the pseudogap. 
Our experiment shows that both crossover temperatures, 
T* , and T tan , remain constant when y changes, indicat- 
ing that the opening of the normal-state gap is unaffected 
by the zinc. On the other hand, the magnitudes of both 
the OMR and tanO# decrease with y, with the OMR 
affected more strongly as shown by Eq.(8). These two 
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seemingly contrasting results, i.e. the constant tempera- 
ture of the gap opening, and the influence of impurities 
on the transport properties may be reconciled if one as- 
sumes that the effect of impurities on the pseudogap is 
confined to the immediate area surrounding the impu- 
rity, while away from them the pseudogap remains in- 
tact. In fact, there have been many suggestions that this 
is indeed the case. 63 Cu NMR experiments on Zn-doped 
YBCO find an enhancement of the antiferromagnatic cor- 
relations around Zn impurities, while the crossover tem- 
perature in the relaxation rate remains constant H Sim- 
ilar conclusions iave been inferred from neutron scatter- 
ing experiments^, from 89 Y NMR measurements JlJ and 
ESR measured on gadolinuim sites in Gd-, and Zn-doped 
YBCOO A local effect of zinc impurities on the pseuckt. 
gap has also been suggestecLhy studies of thermopowerO 
and specific heat in YBCOo 

These, local effects resemble the "swiss cheese" 
model,L3 in which charge carriers around each Zn im- 
purity are excluded from superconductivity. However, 
the real effect of impurities on the normal state proper- 
ties is far more complex. While the temperature of the 
pseudogap opening is unaffected in the main volume of 
the sample, the other properties are strongly affected. 
These effects are very different from those in underdoped 
LSCO, as can be seen from the fact that the main fea- 
tures of the normal state, given by Eq. 1 to 3, survive in 
the films with zinc. 



VI. CONCLUSIONS 

The analysis of the structure and microstructure of 
the Lai.85Sro.i5Cui_ y Znj,04 films shows that they grow 
with variable amounts of built-in strain resulting from 
the partial relief of the lattice mismatch by dislocations. 
Both compressive and tensile in-plane strain with respect 
to the bulk lattice parameters are observed. They are 
accompanied by expansion or compression of the c-axis 
lattice parameter, respectively. Grain-boundary scat- 
tering enhances the residual resistivity in the regime of 
large tensile in-plane strain, but does not affect the other 
transport parameters. 

Strain affects the superconducting and the normal- 
state transport parameters. T c decreases with the de- 
crease of the c-axis lattice parameter at a rate of about 
680 K/A. The decrease of T c is accompanied by a lin- 
ear increase of po, A, a and C at a rate of 8.3% per 
Kelvin. The addition of zinc adds an impurity scatter- 
ing term to po, and to C, the constant term in cotO#, 
while the slope of the T-dependence of the resistivity and 
the slope of the T 2 -dependence of the cotangent remain 
unchanged. The effects of impurities and strain on po 
are additive, while they are multiplicative in the case of 
C . The OMR is independent of strain. Over a limited 
T-range, above the inflection point, the OMR is propor- 
tional to tan 2 ©#. The coefficient of proportionality, £, 



dependens on strain and on the impurities, showing that 
the relaxation rate which governs the Hall effect is not 
the same as that of the magnetoresistance. A compari- 
son of these results with the available theoretical models 
of the normal state indicates that none of them can fully 
describe the experiments. New models which take the 
properties of the Fermi surface into account more real- 
istically may be compatible, but a more detailed evalu- 
ation, including the strain effects which we observe will 
be necessary. 

In addition, we observe a suppression of tan Qh for un- 
derdoped and zinc-doped films, and show that it can be 
associated with the opening of a gap in the normal-state 
excitation spectrum. The temperature of the pseudo- 
gap opening does not change with the addition of zinc 
impurities but it increases when the Sr-La ratio is de- 
creased. At temperatures lower than the temperature of 
the pseudogap opening, the OMR decreases as a result 
of localization effects. 
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